The plasma edge MHD stability is analysed for several JET discharges in the Diagnostic Optimised Configuration (DOC). The stability analysis of Type I ELMy plasmas shows how after an ELM crash the plasma edge is deep in the stable region against low-to intermediate-n peeling-ballooning modes. As the pressure gradient steepens and the edge current builds up, the plasma reaches the low-n peelingballooning mode stability boundary just before the ELM crash. Increasing the plasma fueling by gas puffing makes the second stability access against high-n ballooning modes narrower until it closes completely and the ELMs change from Type I to Type III. Reducing the plasma heating has a similar effect. Increasing the safety factor at the plasma edge improves the stability against low-to intermediate-n modes allowing steeper pressure gradients to develop before an ELM crash.
INTRODUCTION
The high-confinement-mode (H-mode) in present day tokamaks is regularly accompanied by short bursts of plasma energy and particles. These Edge Localized Modes (ELMs) create high heat loads on the divertors and can cause significant erosion. For an estimate of this erosion in a future tokamak reactor operating in H-mode, it is necessary to understand the ELM phenomenon. This would also allow to analyse the necessity and usability of actual techniques of ELM mitigation and control in such a device.
The main issues in the control of the ELMs are the size of a single ELM crash [1] and the confinement degradation caused by the ELMs. The ELM size is generally measured as a drop of plasma diamagnetic energy during an ELM [2] . In this paper, two types of ELMs, Type I and Type III, are considered. Since no pure Type II ELMs have been observed in JET [3] , they are excluded from the analysis. Type I ELMy plasmas have good confinement properties, but the ELMs are generally large in size, while the Type III ELMs are smaller, but the plasma performance is worse than in Type I ELMy plasma.
The ELMs are triggered by a combination of two MHD instabilities, low-to intermediate-n peeling ballooning modes and high-n ballooning modes [4, 5] . The peeling-ballooning modes are driven by the current in the edge region and the ballooning modes by the pressure gradient. The stability against these instabilities governs the behaviour of the edge plasma.
Several experiments have been carried out on the JET tokamak to study ELMs [6, 7] . However, the recent JET discharges in Diagnostic Optimized Configuration (DOC) allow gradients in the edge region to be resolved and permit detailed systematic stability analysis of the edge region using the experimental density and temperature profiles. A detailed description of the DOC discharges is given in Ref. [8] .
In this paper we show the MHD stability analysis results for a series of DOC discharges. We analyse scans of gas puffing, edge safety factor, and heating power done in DOC and show how the edge stability changes with these parameters. Comparing the stability results with the observed ELM behaviour gives insight on the physics of the triggering mechanism of the ELMs. In the investigated DOC-discharges, the shape of the plasma has been set to give the best possible resolution from the edge diagnostics. The triangularity of this configuration varies from 0.27 (DOC-L) to 0.32 (DOC-U).
EQUILIBRIUM RECONSTRUCTION OF EXPERIMENTAL PLASMAS
In the equilibrium reconstruction that is needed for the stability analysis, we use experimental temperature and density profiles and calculate the ohmic and bootstrap current self-consistently using the profiles. This method provides us with equilibria that represent the actual experimental equilibria as accurately as possible and allows us to study the edge stability properties of the experimental plasmas.
We use edge LIDAR Thomson scattering [9, 10] and ECE radiometer [12] for the edge electron temperature profiles. In addition, we assume T e = T i and use the ion temperature data obtained using the edge Charge eXchange Recombination Spectroscopy (CXRS) as extra information about the electron temperature at the top of the H-mode pedestal. After fitting the electron temperature profile, the ion temperature profile is set by the same assumption (T i = T e ). It must be noted that this assumption can overestimate the steepness of the edge ion temperature gradient. The edge LIDAR system is used to obtain the edge temperature gradient, and the pedestal top is obtained from ECE and CXRS. The combination of all three diagnostics gives an accurate temperature profile in the entire edge region.
The core temperature is obtained from the core LIDAR Thomson scattering [11] . The core LIDAR data has larger error bars, but since the accuracy of the core profile is not crucial for the stability analysis, larger errors in the core profile can be tolerated without affecting the edge stability analysis results.
From the experimental data we create the temperature profiles for the equilibrium reconstruction by fitting a function
where ρ is the square root of normalised toroidal flux, T ped , T 0 and T sep are the pedestal, core and separatrix temperatures and a, b, c and d are fitting parameters.
The edge density profile is obtained by combining the data from the edge LIDAR and lithium beam diagnostics. As with temperature, we use core LIDAR to get the core density profile. The density profile used in the equilibrium reconstruction is obtained by fitting a function
where n ped , n 0 and n sep are the pedestal, core and separatrix densities. Additionally, we use the line averaged density from the vertical interferometer at the radius of 3.75m as a constraint for the edge region density fit.
The repetition rate of the edge LIDAR laser is 1Hz. To obtain the most relevant data for the stability analysis, we select the time point in each pulse that is the closest to an ELM (usually < 20ms prior to an ELM crash). Figure 1 shows a typical time evolution of the D α -signal, edge density and temperature in Type I ELMy plasma. The vertical line shows the time point of the edge LIDAR profile. As can be seen, the temperature is reasonably steady prior to an ELM, and there is only a small error in using the edge LIDAR that is within 20ms from the ELM crash as the temperature profile at the moment when the ELM is triggered. The pedestal density growth does not saturate to a steady-state value in the same way as the temperature, but the line averaged density at 20ms prior to an ELM is only about 5% lower than the value at the ELM crash, which is smaller than the error margin in the edge LIDAR system. Therefore, the error in the edge density profile due to being measured 20ms before the crash does not significantly affect the results. In type III ELMy pulses, the temporal variation of the profiles (especially density) does not correlate with the D α -signal. In these cases, we use several time points (within the flat top of NBI heating) of the edge LIDAR system and average within them.
Unfortunately, the ECE, the edge CXRS and the edge LIDAR do not always match together.
Especially, the T e from ECE is systematically shifted inwards with regard to LIDAR and edge CXRS. This is most likely due to an error in the flux mapping at the edge. A good estimate for the separatrix electron temperature is given by the balance between the power crossing the separatrix and the parallel heat conduction to the divertors. In JET H-modes, this value is usually about 100-140eV. Since most of the discharge the edge LIDAR gives a profile, that has a separatrix temperature in this range, it is assumed to be correct. Therefore, ECE needs to be shifted radially about 5% of the poloidal flux outwards to match the profiles. The shift has been used in the fitting, even in the cases, where no edge CXRS is available. For discharges, where the edge LIDAR value for the separatrix temperature is several hundreds of eV, edge LIDAR is shifted inwards to match the value set by the power balance. The edge LIDAR shifts are usually very small, about 1% of the poloidal flux and do not affect the steepness of the pressure gradient, but its position. In some cases, the lithium beam profile is also shifted to match it with the edge LIDAR density profile. These shifts are also about 1% of poloidal flux.
Once the radial shift is applied to the ECE data, T e profiles measured by ECE and edge Thomson Scattering are in reasonable agreement for ρ < 1 (see Fig.2 ). However a pronounced feature of enhanced ECE radiation temperature (radiation 'hump', marked by an arrow in the figure) appears at channels located outside the separatrix. At the plasma edge the optical depth can vary greatly (from less than 0.1 to 10) and care must be taken in the interpretation of edge ECE measurements in terms of local electron temperatures. The mechanism by which this radiation hump is generated is not well understood [13] , but its shape can be used to estimate the optical depth profile in the edge region. In these plasmas, with steep edge gradients, the transition from optically thin to optically thick occurs over a few cm, which correspond to one or two radiometer channels. In the data shown in Fig.2 , the minimum just before the hump corresponds to the lowest frequency channel for which the thermal plasma is optically thick. Consequently, the ECE data outside the separatrix has not been taken into account when performing the profile fittings. A typical global and edge fitting of the profiles is shown in Fig. 2 . The fitting is done for the Pulse No: 55937 at 59.126s that is 2ms
before an ELM crash. The profiles of all analysed discharges and the radial shifts used in the fitting are collected in Appendix.
We use JETTO [14] to solve the self-consistent equilibrium including the bootstrap current for the fitted profiles. The effective charge Z eff is assumed to be constant throughout the plasma. The plasma shape is obtained from the EFIT [15] reconstruction using magnetic measurements. In the JETTO equilibrium calculations, we assume that the current has reached a steady-state. The total current is composed of inductively driven current that follows the plasma conductivity profile and the bootstrap current that is driven by the density and temperature gradients. In the edge region that covers most of the ELM physics, the bootstrap current clearly dominates the inductively driven current.
STABILITY ANALYSIS

STABILITY ANALYSIS METHODS
We analyse the stability of the equilibria using the MISHKA-1 [16] code for the low-to intermediaten peeling-ballooning modes. Using the HELENA [17] equilibrium code and the plasma profiles and shape from JETTO equilibrium, we recalculate the equilibria for MISHKA-1 that requires the equilibrium in the straight field line co-ordinate system. HELENA also solves for the stability against the n = ∞ ballooning modes.
In the MISHKA stability analysis, the toroidal mode numbers are varied from 3 to 10. The mode number choice was based on the reported experimental observation of the ELM-precursor mode numbers (n=1-14 in [18] and [19] ). Even higher (up to 40) mode numbers were investigated for a few selected cases, but since they showed no qualitative difference to n=10, but required more computational resources (~ n 2 ), they were left out from the systematic studies. Figure 3 shows an example of the n=10 peeling-ballooning instability from MISHKA analysis for the Pulse No: 55937 just before an ELM. Both the radial structure of the mode using Fourier harmonics and the two dimensional contour plot of the mode amplitude are plotted.
We solve only one JETTO equilibrium for each pulse. This is called the operational point in the stability analysis as it represents the equilibrium of the experimental plasma. In the input for HELENA equilibrium code, we scale the pressure gradient and the current density in the edge region to find the stability boundaries around the operational point. The scaling is done with a step function in the entire pedestal region (ρ ≥ 0.95). The scaling does not affect the width of the pressure pedestal, only the height. The stability boundaries along with the operational point can then be plotted for a specific flux surface in a diagram with the normalised pressure gradient α (= 2µ 0 Rq 2 (dp/dr)/B
2 ) evaluated at the outer midplane and the magnetic shear s (= (dq/dr)/(r/q)) as the xand y-axes, respectively.
In order to obtain error margins for the operational point, the experimental profiles are fitted with curves that have the flattest and the steepest possible gradients that can be fitted while staying within error bars of the experimental data points. An equilibrium is solved for both the flat and the steep gradient fits. The values of α and s in these equilibria are used as error bars for the operational point.
STABILITY WITHIN AN ELM CYCLE
We first investigate how the edge stability varies during an ELM cycle. As was shown in Fig. 1 , between the ELMs, the pedestal density and temperature increase. Then during the ELM crash, they both collapse. To obtain the maximum variation within a single discharge, we compare the stability just before a Type I ELM and right after it. The selected Pulse No: (55937) is a typical Type I ELMy discharge in DOC-L and has medium triangularity δ = 0.27 and global plasma parameters: plasma current I p = 2.0MA, toroidal magnetic field B t = 2.4T, NBI heating power P NBI = 12.2MW and density < n e > /n GW = 0.71. Since the edge LIDAR system operates at 1Hz repetition frequency, it is impossible to use it to create temperature and density profiles before and after the same ELM. Therefore, we have to assume that the effects of ELMs on the profiles does not vary significantly between two ELMs. Figure 4 shows the temperature and density profiles from two edge LIDAR pulses, one 2ms before an ELM and the other one 10ms after an ELM. Additionally ECE temperature profiles are taken at the same time points as LIDAR profiles. boundary. This instability then triggers the ELM. On the other hand, after the ELM crash, the edge pressure gradient flattens and the plasma returns deep into the stable region against low-to intermediate-n modes. If we assume that the current diffusion is sufficiently fast during an ELM crash, the current reaches its steady-state value after the ELM. Then after an ELM, the pressure gradient becomes limited by the high-n ballooning mode stability boundary. Between the ELMs, the pressure gradient steepens and the bootstrap current builds up. This lowers the shear the edge plasma moves deeper into the second stability region until it reaches the low-to intermediate-n stability limit and an ELM is triggered again. If we assume that the current does not diffuse to steady state during the ELM crash, but instead stays at the same level as before the crash, the second stability access remains open after the ELM crash. With this assumption the high-n ballooning modes play no role in the ELM cycle.
The Pulse analysed here, No: 55937, will be the central point of the gas scan investigated in Secs. 3.3.
GAS PUFFING SCAN
To study effects of external factors on the edge stability, we select well diagnosed Type I and Type III ELMy discharges in various conditions and analyse their stability. One of the most used variations in the experiments is the gas puffing rate. This is studied with a theoretical model in [20] . Here we study a series of JET discharges with identical plasma shape, current, toroidal field and heating, but varying gas puff rates. As the gas puff rate is increased, the ELM type changes from Type I ELMs to Type III ELMs. The increased gas puff leads to changes in the density and temperature profiles and, consequently, in the plasma equilibrium. Figure 6 shows edge temperature, density, pressure gradient, parallel current density and magnetic shear of three equilibria with different gas puff rates. The edge pressure gradient and current density in the Type III ELMy plasma is significantly lower than in the two Type I ELMy plasmas. Figure 7 shows the n = ∞ ballooning stability boundary for the three levels of gas puffing rate. In the plot, α is increased from the equilibrium point without changing the magnetic shear until the stability boundary limit is found. If there is no stability limit, the boundary has not been drawn and pressure gradient is assumed to be able to grow unlimited by the high-n ballooning instability. This represents the 2 nd stability access. It can be seen that the edge region loses the access to the 2 nd stability as the gas puff rate increases. The reason is that the bootstrap current decreases and this increases the magnetic shear at the edge region closing the 2 nd stability access.
On the other hand, the lowered bootstrap current improves the edge plasma stability against the low-to intermediate-n peeling-ballooning modes. Figure 8 shows the change of edge stability as gas puffing is increased. Fig. 7 , the pressure gradient in this discharge is limited by the high-n ballooning stability limit. If we combine the stability analysis results for the low-and high-n modes, it seems likely that in the Type III ELMy plasmas the pressure gradient growth is limited by the n = ∞ ballooning mode stability boundary, but the Type I ELMy plasmas can access the second stability and are destabilised by the low-to intermediate-n modes at higher pressure gradient. The Type III ELMy discharges stay in the first stability region for the high-n ballooning modes because the conditions (high density, low temperature) prohibit the bootstrap current to build up sufficiently to lower the magnetic shear for the second stability access.
POWER SCAN
The level of power injected into the plasma affects both the ELM type and the frequency of the ELMs. If the heating power into a Type III ELMy plasma is increased enough, the ELMs change to Type I. At the same time, the stability properties of the edge also change considerably. Figure 10 shows the operational point (at the steepest pressure gradient region, ψ = 0.98) in s -α space and the low-n stability limit for two Type I Pulses Figure 9 shows edge temperature, density, pressure gradient, parallel current density and magnetic shear of the three discharges with varying heating power.
Again, the edge pressure gradient and current density in the Type III ELMy plasma is significantly lower than in the other two plasmas.
Just as in the gas scan, there is a significant difference in the edge stability between the Type I ELMy and the Type III ELMy discharges. The Type I ELMy discharges are just over the low-to intermediate-n stability limit while the Type III discharge is clearly in the stable region. In this case, however, all discharges have second stability access for n = ∞ ballooning modes, but the pressure gradient in the Type III ELMy discharge is below the first stability limit and in the Type I ELMy discharges above it.
Combining the power scan with the gas puffing scan, we can see that lowering the power and increasing the gas puff causes an almost identical effect in the edge stability. Both make the plasma more stable against the low-n peeling-ballooning modes, but on the other hand, the operational point moves from the high-n ballooning mode second stability region to the first stability region.
Type I ELMs are observed when the operational point of the edge plasma has a relatively wide 2 nd stability access for the high-n ballooning modes and the edge plasma is destabilised by the low-to intermediaten peeling-ballooning modes. The Type I ELMs change to Type III ELMs when the high-n ballooning mode 2 nd stability access becomes very narrow or closes completely. The Type III ELMy discharges are deep in the stable region against the low-n modes and the ELM triggering mechanism is likely to be different from that of Type I ELMs.
EDGE SAFETY FACTOR
The variation of the edge safety factor (q 95 ) also affects the ELM behaviour. Figure 11 shows edge temperature, density, pressure gradient, parallel current density and magnetic shear of the above-mentioned three discharges. The edge pressure gradient and current density increase with increasing q 95 . Figure 12 shows the α-shear diagrams at ψ = 0.98 for the three discharges and the stability limits associated with them. The n = ∞ ballooning mode stability boundary is the same for all the discharges, but there is a marked difference in the low-to intermediate-n mode stability. When q 95 is increased both the operational point and the low-to intermediate mode stability boundary shift to a higher value of α.
Since the normalisation of α is neutral to a change of the toroidal magnetic field (α ~ q 2 /B 2 ), also the absolute value of the stable pressure gradient can be increased with the increase of edge safety factor.
In addition to the analysis of experimental plasmas, we studied the effect of the edge safety factor by using one of the above-mentioned plasma profiles (Pulse No: 55935) and adjusting the toroidal field in the equilibrium reconstruction to give the same values of edge safety factor as in the above experimental scan (q 95 =3.0, 4.1 and 5.2). Figure 13 illustrates the results of the stability analysis. Unlike in the scan using experimental profiles from different discharges, in this scan the low-to intermediate-n stability boundary is unaffected by the variation of the edge safety factor. Instead, the second stability access for the high-n ballooning modes widens with the increase of the toroidal field. The reason for apparent the discrepancy between the two stability analysis results is that in the equilibria calculated using experimental profiles the current density just inside the pedestal region (0.9 < ψ < 0.95) decreases with increasing q 95 , but with fixed profiles and varying toroidal magnetic field the current in this region does not change.
Since the low-n modes extend to this region, the decreased current improves the stability against these modes. Consequently, the stability boundary shifts to higher values of α.
The increasing edge safety factor has very little effect on the radial extent of the unstable mode. This applies to both analyses described above. Therefore, the smaller and more frequent ELMs in high-q 95 plasmas can not be explained by the changes in the mode structure of the triggering instability.
SUMMARY AND CONCLUSIONS
We analysed the edge stability of a wide range of well-diagnosed JET discharges using the experimental profile data in the equilibrium reconstruction. During a single Type I ELM cycle, the plasma edge stability changes considerably. Right after the ELM, the edge is deeply stable against the low-to intermediate-n peeling-ballooning modes. On the other hand, it is close to the n = ∞ ballooning mode stability limit. As the pressure gradient steepens and the edge bootstrap current builds up, the plasma moves deeper into the second stable region against the n = ∞ ballooning modes. Eventually, with steep enough pressure gradient and high enough current density, the plasma reaches the low-to intermediate-n stability limit and an ELM is triggered. In the stability analysis, the plasma was found to be crossing this stability limit just before an ELM. The mode structure of the ELM triggering instability extends radially across the entire pedestal.
In plasmas with Type III ELMs, not enough bootstrap current is driven in the edge region due to the high collisionality. Because of this, the edge shear stays high and the plasma does not access second stability against the n= 1 ballooning modes. This leads to a significantly lower edge pressure gradient than in Type I ELMy plasmas. Since the Type III ELMy plasmas are far from the low-to intermediate-n peeling-ballooning mode stability boundary, it is unlikely that they are triggered by the same mechanism as the Type I ELMs.
The stability analysis of the power and gas puffing scans showed that the transition from the Type III to Type I ELMs either by increasing the heating power or by lowering the gas puffing rate, enables the plasma to enter the second stability region for the n = 1 ballooning modes. The plasma then becomes destabilised by the bootstrap current driven low-to intermediate-n peeling-ballooning mode.
In the discharges where the edge safety factor was increased, the low-n peelingballooning mode stability limit is shifted to a higher value of normalised pressure gradient α. The improved stability enables the achievement of steeper edge pressure gradients before the ELM is triggered. However, the toroidal mode number or the radial mode structure of the ELM triggering instability does not change with the edge safety factor variation.
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APPENDIX A. EXPERIMENTAL PROFILES
The experimental data (after radial shifts for some diagnostics) with fitted curves used in the equilibrium reconstruction for all analysed JET discharges are shown in Figs. 14-20 (except for
Pulse No: 55937 that is already shown in Fig. 2 ). Table A1 shows the radial shifts of the diagnostics used in the fitting. 
